INTRODUCTION
Phosphorylation of the α subunit of the translation initiation factor-2 (eIF2α) has been shown to occur following diverse stress conditions, both in in vitro cell cultures as well as in animal models [1] [2] [3] [4] [5] [6] . In addition, it has become increasingly evident that the impaired control of eIF2α phosphorylation is the basis of relevant pathological conditions in humans, such as the Vanishing White Matter disease and the Wolcott-Rallison syndrome, and has been associated with several neuropathologies, such as Alzheimer's and Huntington's diseases and epilepsy [7] [8] [9] [10] [11] [12] . Phosphorylation of eIF2α plays a central role in ISR (integrated stress response) that co-ordinates both global and gene-specific translation.
eIF2 participates in translation initiation as a ternary complex, eIF2-GTP-Met-tRNA i Met (initiator methionyl-tRNA), which delivers the initiator tRNA to the 40 S ribosomal subunit [13] . Prior to the joining of the large and small ribosomal subunit, GTP associated with eIF2 is hydrolysed and eIF2-GDP is released. Phosphorylation of eIF2α impedes the exchange of GDP to GTP on eIF2, which is required for subsequent rounds of initiation, leading to a significant reduction in global translation. Coincident with this global down-regulation, phosphorylation of eIF2α induces the translation of key regulatory proteins, such as the transcription activator ATF4 (activating transcription factor 4) [CREB-2 (cAMP-response-element-binding protein-2)] [14, 15] . ATF4 directs expression of a number of genes that alleviate cellular damage to stress, or alternatively induce apoptosis [16] .
Four eIF2α kinases are known in mammals, which are each activated by different stress conditions [17] . GCN2 is activated by nutrient deprivation, UV irradiation and proteasome inhibition [5, 13, 18, 19] . The activity of PEK/PERK [pancreatic eIF2α kinase/RNA-dependent-protein-kinase-like ER (endoplasmic reticulum) kinase], an ER transmembrane protein, is stimulated by an increase in unfolded proteins in the ER. This so-called ER stress can be experimentally induced by drugs that impair N-linked glycosylation of proteins, block disulphide bond formation, or prevent ER calcium influx mediated by SERCA (sarcoplasmic/endoplasmic-reticulum Ca 2+ -ATPase) [2, 3] . PKR [dsRNA (double-stranded RNA)-dependent protein kinase] is activated by dsRNA produced by viral infection and by the stress-activated protein PACT (PKR-activating protein) [20] . Finally, the eIF2α kinase HRI (haem-regulated eIF2α kinase), found predominantly in erythroid cells, is activated by haem deprivation and arsenite stress [21, 22] . Activation of these eIF2 kinases is proposed to involve the relief of their distinct inhibitory domains allowing for their dimerization. This dimerization then triggers an autophosphorylation event at the kinase activation loop that facilitates the recognition and phosphorylation of eIF2α [23, 24] . The model presented suggests that each environmental stress is uniquely recognized by a single eIF2α kinase. However, recent studies indicate that this is a simplified view. For example, analysis of PEK/PERK +/+ and PEK/PERK −/− mouse embryo fibroblast showed that eIF2α phosphorylation requires PEK/PERK early in response to ER stress, but with extended stress conditions there was significant eIF2α kinase activity even in the PEK/PERK-depleted cells [25] . Prolonged amino acid depletion also results in the phosphorylation of eIF2α in GCN2 −/− cells [26] . Furthermore, there are certain stress conditions, such as oxidative stress, where there can be activation of multiple eIF2α kinases, depending on the cell type, dosage of the environmental agent and duration of exposure [22, 27, 28] . In addition, both PKR and PEK/PERK have been implicated in the resistance of cells to vesicular stomatitis virus infection [29] . These observations suggest that more than one eIF2α kinase can function during a given stress condition, mediating either additive or compensatory mechanisms.
We have recently described the extensive eIF2α phosphorylation in the mice brain during SE (status epilepticus) induced by pilocarpine, a cholinergic agonist [11] . This is a well-characterized animal model of TLE (temporal lobe epilepsy), where a period of continuous convulsions (SE) is followed by a silent period that can vary from 14 to 20 days. After this silent period, animals develop spontaneous recurrent epileptic seizures, with neuronal degeneration primarily in the hippocampus, cortex and amigdala [30] . Immunohistochemistry analysis indicated that at 30 min following SE onset, the cortex (layer V) and hippocampus displayed high levels of eIF2α(P) (phosphorylated eIF2α) [11] .
In the present study, we show that PKR is activated in the hippocampus and cortex early in SE. In PKR −/− animals, we detected the activation of PEK/PERK, suggesting a compensatory mechanism of eIF2α kinase activation. We also provide a quantitative temporal analysis of the rates of dephosphorylation of eIF2α following SE onset. The levels of eIF2α(P) parallel the extent of inhibition of protein synthesis. Given the known downstream targets of this signalling pathway, our results suggest that phosphorylation of eIF2α by PKR during SE may have implications in the ensuing cell death observed in the most affected brain areas.
MATERIALS AND METHODS
This study was conducted using methods approved by the Animal Care and Use Ethic Committee of the Universidade Federal de São Paulo, in accordance with the Guide for Care and Use of Laboratory Animals adopted by the NIH (National Institutes of Health; Bethesda, MD, U.S.A.).
Animals and drug treatment
All experiments were conducted in Swiss albino mice, except where otherwise indicated. Seizures were induced by intraperitoneal injections of pilocarpine hydrochloride (Merck, Quimitra, Brazil). The pilocarpine dose was adjusted to each mouse strain as the smallest possible for induction of SE in an efficient manner: 200 mg/kg for the Swiss mice, 250 mg/kg for the 129Sv mice and 300 mg/kg for C57BL/6. SE was characterized as previously defined [30] . For most animals, seizures progressed to SE within approx. 10 min after pilocarpine injection. Thionembutal was used, where indicated, at a dose of 30 mg/kg. Animals were killed at the indicated times after SE onset. Experiments were conducted with at least three groups of four animals each, except where otherwise indicated.
Extract preparation
For polysome analysis, whole brains were homogenized with 400 µl of buffer A: 50 mM Hepes/KOH (pH 7.5), 140 mM potassium acetate, 4 mM magnesium acetate, 2.5 mM dithiothreitol, 0.32 M sucrose, 2 mM benzamidine, 2 mM EGTA, 10 µg/ml pepstatin A, 1 µg/ml leupeptin and 1 µg/ml antipain [31] . The supernatant was obtained by centrifugation at 14 000 g for 10 min at 4
• C. Extracts of whole brain and brain parts employed in immunoblot assays were prepared in a buffer containing 1 % Triton, 150 mM NaCl, 20 mM Hepes (pH 7.5), 10 % (v/v) glycerol, 1 mM EDTA, 100 mM NaF, 10 mM tetrasodium pyrophosphate, 1 mM PMSF, 4 µg/ml aprotinin and 2 µg/ml pepstatin.
Polysome profiles
Extracts [20 units of A 260 (absorbance at 260 nm)] were loaded on 7-47 % sucrose gradients, prepared with a buffer containing 20 mM Tris/HCl (pH 7.6), 3 mM magnesium acetate and 100 mM KCl. The samples were ultracentrifuged in a Beckman rotor SW41 at 39 000 rev./min for 150 min. Gradient profiles were obtained by continuous UV monitoring at A 254 .
RNA isolation and Northern blots
Gradient fractions (0.9 ml) were collected into tubes containing 2 ml of 8 M guanidinium chloride; 3 ml of 100 % ethanol was added and incubated overnight at − 20
• C. RNA was precipitated by centrifugation at 2800 g for 30 min. The pellets were resuspended in 400 µl of diethyl pyrocarbonate-treated distilled water and the RNA was precipitated with 0.3 M NaOAc (pH 4.5) and ethanol. Brain total RNA was obtained by TRIzol ® extraction as described by the manufacturer (Life Technologies). The RNAs were resuspended in gel-loading buffer and loaded on to 1.4 % (w/v) agarose/formaldehyde gels. The RNA was transferred to Hybond-N membranes (Amersham Biosciences) by capillarity and immobilized by UV cross-linking. The membranes were prehybridized [1 % BSA, 1 mM EDTA, 0.25 M Na 2 PO 4 , pH 7.5, and 7 % (w/v) SDS] at 65
• C for 2 h and hybridized with the denatured probes [β-actin and RPL32 (ribosomal protein L32)] in the same solution overnight, followed by two 15 min washes with 1× SSC (0.15 M NaCl and 0.015 M sodium citrate) and 0.1 % SDS at 65
• C. The probes used were obtained by reverse transcriptase-PCR from RNA isolated from brain extracts using oligonucleotides derived from the published murine sequences (RPL32: fw5 -ATGGCTGCCCTCCGGCCTCT-3 and rv5 -CTA-CTCATTTTCTTCGCTGCGTAGC-3 ; β-actin: fw5 -CGAGGC-CCAGAGCAAGAGAG-3 and rv5 -AGGAAGAGGATGCGG-CAGTGG-3 ) and labelled with [α-32 P]dCTP by PCR using the same set of oligonucleotides. Analysis of the data was performed on Typhoon (Amersham Biosciences).
Immunoblots
Immunoblot analysis of the phosphorylated form of eIF2α and total eIF2α was performed as described previously [11] . • C. Detection was performed with Protein A-HRP (horseradish peroxidase), followed by ECL ® (enhanced chemiluminescence). For the detection of total PKR, the previous membrane was stripped of the antibodies by incubation with 100 mM 2-mercaptoethanol, 2 % SDS and 62.5 mM Tris/HCl (pH 6.7) at 50
• C for 30 min. The membrane was blocked as before and incubated with antibodies against total PKR (1:2000; Santa Cruz Biotechnology) in TBS (Tris-buffered saline; 150 mM NaCl and 50 mM Tris/HCl, pH 7.4)-Tween 20 and 5 % BSA, overnight at 4
• C. Detection was as described above. For GADD34 (growtharrest and DNA-damage-inducible protein 34), membranes were incubated with anti-GADD34 antibodies (Santa Cruz Biotechnology) in TBS-Tween 20 and 2.5 % BSA, followed by detection with Protein A-HRP. Immunoblots for PEK/PERK(P) were performed on samples subjected to SDS/PAGE (7 % gel). The membrane was incubated with anti-PEK/PERK antibodies (1:1000; Santa Cruz Biotechnology) in TBS-Tween 20 and 4 % non-fat milk overnight, followed by detection with anti-rabbit IgG-HRP antibodies and ECL ® . Immunoblots for 4E-BP1 (eIF4E-binding protein 1) employed polyclonal rabbit antibodies against total 4E-BP1 (1:1000; Cell Signaling Technology).
RESULTS

PKR is activated in the brain during SE
Consistent with our earlier report, eIF2α is highly phosphorylated in the brain of mice subjected to pilocarpine-induced SE (Figure 1A ) [11] . In order to determine which eIF2α kinase was activated during SE, we initially investigated the involvement of PEK/PERK, which was previously shown to be activated in the brain ischaemia-reperfusion model [4] . Activation of PEK/PERK can be identified by the slower mobility of the phosphorylated form upon SDS/PAGE. No evidence was found for the activation of PEK/PERK in whole brain extracts ( Figure 1A ) or in isolated parts (see below). GCN2 activation was also investigated using antibodies directed to the phosphorylated form of this kinase. Although GCN2(P) was detected in whole brain extracts, no evidence was found for GCN2 activation in the hippocampus or cortex (results not shown). Because these are the brain areas most affected by pilocarpine-induced seizures and where eIF2α(P) is highest, GCN2 was ruled out as the main kinase activated during SE. We next studied PKR activation using antibodies that recognize the autophosphorylated form of this kinase. As shown in Figure 1 (B), activated PKR was evident in the cortex and hippocampus at 30 min of SE.
PEK/PERK substitutes for PKR
The involvement of PKR in the phosphorylation of eIF2α during SE was further investigated by the use of PKR −/− animals [32] . These mice and their isogenic wild-type strain 129Sv enter SE with a higher dose of pilocarpine when compared with the Swiss albino mice. Surprisingly, the PKR −/− animals subjected to SE displayed similar levels of eIF2α(P) in the cortex and hippocampus as the PKR +/+ mice ( Figure 2A ). Several reports have suggested that eIF2α kinases may compensate for each other under certain stress conditions [25, 26] . Thus we investigated whether in the absence of PKR, another eIF2α kinase could be activated during SE. In PKR −/− animals subjected to SE, we found that PEK/PERK was activated in the cortex and hippocampus as determined by the slower electrophoretic mobility that characterizes the phosphorylated and activated form of this kinase ( Figure 2B) . Confirming the results shown in Figure 1(A) , PEK/PERK was not activated in the wild-type animals. These results thus suggest a dynamic relationship between the two eIF2α kinases, whereby PEK/PERK can serve as a secondary kinase in the cortex and hippocampus that elicits SE-induced eIF2α phosphorylation in the absence of the primary kinase, PKR.
Levels of eIF2α phosphorylation in brain parts following SE onset
The duration of continuous SE determines whether animals will later develop spontaneous epileptic seizures and is correlated to the extent of cell death. The levels of eIF2α(P) were then studied at later time points of continuous SE in extracts of the hippocampus, cortex and the brain stem, a region not directly related to TLE (Figure 3 ). At 30 min of SE, the levels of eIF2α(P) reached a peak in all regions, with the hippocampus and cortex showing the highest eIF2α(P) levels compared with the brain stem. However, the duration of eIF2α(P) phosphorylation differed significantly, with eIF2α(P) levels in the hippocampus, the region most affected in this epilepsy model, remaining elevated for up to 4 h of continuous SE stress. In the brain stem, eIF2α(P) returned to control levels within 2 h of continuous SE. Phosphorylation of eIF2α(P) in the cortex was moderately diminished following the extended SE duration. Finally, in total brain extracts, the levels of phosphorylation followed an intermediary pattern, with maximum eIF2α(P) at 30 min of SE, followed by a 40 % reduction by 4 h of this stress.
Induction of GADD34 expression during SE
GADD34 is a regulatory subunit of PP1 (protein phosphatase 1) that targets PP1 to dephosphorylate eIF2α. Its transcriptional induction during the ISR triggered by eIF2α(P) serves as a negative feedback mechanism to alleviate the inhibition of protein synthesis that results from the activation of the eIF2α kinases [33] . The levels of GADD34 were then determined at the same time points of continuous SE for each of the brain parts ( Figure 4) . Interestingly, GADD34 showed a biphasic expression profile in the cortex and hippocampus, with a peak at 30 min of SE and another peak at 4 h of SE. In the brain stem, on the other hand, GADD34 levels did not change in response to SE, and its basal level was higher when compared with the other two brain regions. These results taken together with the pattern of eIF2α(P) suggest a dynamic stress response that may involve both the regulation of eIF2α kinases and phosphatases. Importantly, the increase in GADD34 by 30 min of SE supports the notion that the increased eIF2α(P) levels in SE in the hippocampus and cortex are due to elevated activity of a kinase, and not to the decreased activity of a phosphatase.
Protein synthesis inhibition during SE
Translational inhibition has been previously shown to occur in the brain of animals during seizures induced by electroshock or during SE induced by kainic acid; however, no biochemical basis for this event has been provided [34] [35] [36] . The extent of eIF2α(P) determines protein synthesis initiation rates. Thus we decided to evaluate whether in the pilocarpine model, where extensive eIF2α(P) is observed in the brain, protein synthesis was halted during SE. At 30 min of SE stress, all brain regions characterized showed extensive eIF2α(P), and we therefore asked whether this phosphorylation results in lowering of translation initiation. Polysomal profiles prepared by sucrose gradient centrifugation are the standard by which blocks in initiation of protein synthesis are determined [37] . As shown in Figure 5 (A), there was a significant inhibition of translation initiation in the 30 min-SE brains, as indicated by the dissociation of polysomes and an increase in the monosome (80 S) peak. Northern-blot analysis of fractions obtained from the gradient showed that there is a marked reduction of translation of standard mRNAs, RPL32 and actin. While the abundance of these transcripts did not change, their association with translating ribosomes was significantly diminished. This
Figure 5 Inhibition of translation initiation during SE
(A) Polysomal profiles of total extracts prepared from brains of control animals and of animals subjected to 30 min of SE following pilocarpine administration. The A 254 profile of the gradient is illustrated, with free 40 and 60 S subunits, 80 S ribosomes and polysomes indicated. RNAs isolated from the fractions from these gradients are shown below, with the rRNA visualized directly on the membranes by Methylene Blue staining. Levels of the mRNAs encoding RPL32 and β-actin were detected on the same membranes by Northern blotting using sequential hybridization with 32 P-labelled probes and detected on Typhoon. 'T' indicates total RNA (5 µg) used as control for the hybridizations. (B) Polysomal profiles of brain extracts from animals subjected to 2 h of continuous SE (SE 2h), animals subjected to 30 min of pilocarpine-induced SE followed by 2 h of thionembutal (SE 30 -2h T), animals treated with only thionembutal for 2 h (2h T), and animals that did not enter SE after pilocarpine administration (non-SE). (C) Immunoblot of whole brain extracts of the indicated groups of animals, using antibodies directed to total eIF2α and to eIF2α(P). (D) Quantitative analysis of polysome profiles and of eIF2α(P). The ratio of polysomes to monosomes was calculated by measuring the areas occupied by the 80 S peak and by polysomes (2-mers to n-mers). The ratio of eIF2α(P)/eIF2α(T) was calculated as described in Figure 3 . Results are means + − S.D. for at least three independent experiments with four animals per group.
profile is diagnostic of inhibition of translation initiation caused by eIF2α(P). In order to address whether the levels of eIF2α(P) correlate with the rates of protein synthesis, we performed polysome analysis of total brain from animals that were submitted to 2 h of continuous SE, and to 30 min SE followed by a 2 h recovery period with thionembutal, an anaesthetic that alleviates the acute crisis (Figure 5B ). The polysome profiles were then compared with the extent of eIF2α phosphorylation in the whole brain ( Figures 5C and  5D ). As noted earlier, there is still a significant amount of eIF2α(P) in whole brain lysates following continuous SE for 2 h, albeit diminished relative to the 30 min SE (Figure 3) . Accordingly, the profile indicates a decrease in the 80 S monosomes, with an apparent increase in the 40-60 S region, suggesting a resumption of the formation of initiation complexes. However, the formation of polysomes by 2 h of SE is still decreased. In the group treated with thionembutal, there was a reduction of eIF2α(P) levels and a polysome profile indicative of the increase in polysomes, and thus of protein synthesis (Figures 5B and 5D ). The administration of thionembutal alone does not elicit eIF2α(P), although it causes a small reduction in translation initiation as judged by some increase in free ribosome levels as compared with the control polysome profile ( Figures 5A, 5B and 5D ). Animals that, although injected with pilocarpine, did not enter SE were also investigated for polysome profile and eIF2α(P) at a time point corresponding to approx. 30 min of SE (Figures 5B-5D ). Brains prepared from these non-SE animals showed low levels of eIF2α(P) and enhanced translation initiation, as measured by the polysomes/monosomes ratio. In each of the treatment groups, there was a clear correlation between the extent of eIF2α(P) and the polysome profiles. The higher the levels of eIF2α(P), the more extensive the dissociation of polysomes due to reduced translation initiation.
Another well-characterized mechanism regulating translation initiation involves phosphorylation of 4E-BP1, which has been described to be altered in the brain ischaemia-reperfusion model [31] . 4E-BP1 directly binds to and sequesters the cap-binding protein, eIF4E. 4E-BP1 phosphorylation, mediated through the mTOR (mammalian target of rapamycin) pathway, abolishes this interaction, thus liberating eIF4E to participate in translation initiation. 4E-BP1 can be phosphorylated at multiple sites. As judged from the distinct mobilities of the different phosphorylated forms of 4E-BP1 in SDS/PAGE, no alteration in the phosphorylation status of 4E-BP1 was observed in the brains of SE animals compared with controls, suggesting that this mechanism does not modulate translation in response to SE stress (results not shown).
Translation initiation and eIF2α(P) levels are not affected during SE in C57BL/6 mice C57BL/6 mice have been described to show little neuronal damage incurred by SE induced by a variety of convulsant agents and are resistant to the excitotoxicity of glutamate [38, 39] . We therefore analysed this strain of mice for both brain polysomal profiles and eIF2α(P) levels during SE. Although these animals enter SE, the pilocarpine dose needed was higher than the dose used for the Swiss mice, as has been described earlier [40] . No detectable inhibition of translation initiation was observed in the brain of C57BL/6 mice during SE, as indicated by the normal polysome profiles after 30 min of continuous SE ( Figure 6A ). In addition, we did not detect significant increases in eIF2α(P) at 30 min or at 2 h of sustained SE ( Figure 6B ). These results further support the idea that induced eIF2α(P) and accompanying translational control contribute to neural damage and ensuing changes associated with SE. Immunoblots of total brain extracts from Swiss and C57BL/6 mice subjected to the indicated treatments, using antibodies that specifically recognize total eIF2α and eIF2α(P).
DISCUSSION
We have shown in the present study that translation inhibition coincident with activation of PKR and phosphorylation of eIF2α were elicited in the brain soon after animals enter SE induced by pilocarpine. Phosphorylation of eIF2α was sustained at high levels in the hippocampus and cortex. The accompanying longlasting reduction in protein synthesis may be a central feature in the ensuing neuronal death in these critical regions. PKR activation has been recently suggested to be involved in several additional neurodegenerative disorders, such as Alzheimer's disease, amyotrophic lateral sclerosis and Huntington's disease (reviewed in [12] ). The mechanism that contributes to the activation of PKR under these varied conditions is not known. During viral infection of cells, viral-derived dsRNA activates PKR by associating with two dsRNA-binding domains in PKR, and thus enhancing eIF2α phosphorylation and blocking cellular translation required for viral replication and proliferation [41] . At present, there is no evidence to support the involvement of dsRNA ligands in PKR regulation during SE or other neuropathologies. Interestingly, the protein PACT(RAX) (where RAX is the murine orthologue of the human PACT) was found to bind to PKR and to mediate its activation under stress conditions, including serum starvation and peroxide or arsenite treatments [42, 43] . The mechanisms regulating PACT and its interactions with PKR are not well understood. Therefore PACT as well as other regulatory ligands that bind directly to PKR may be integral to the activation of PKR in the SE model.
In the brain ischaemia-reperfusion model of neuronal stress, extensive eIF2α phosphorylation and neuronal degeneration through necrosis or apoptosis are observed in the same regions as in TLE. Whereas PEK/PERK activation has been shown to occur soon after reperfusion in the ischaemia-reperfusion model, we found no evidence for the activation of this kinase in the early stages of SE when eIF2α(P) are highest. Although both models of stress result in similar cellular damage, the neurochemical events involved in each stress are strikingly dissimilar [44] . During ischaemia, metabolic rate ceases, with a rapid and extensive decrease in tissue energy state, thus lowering the availability of ATP. After reperfusion, concomitant with the rise in ATP, there is extensive oxidative damage, a condition suggested to contribute to the activation of PEK/PERK. On the other hand, during SE, regions considered vulnerable to epileptic damage show markedly augmented metabolic rates (200-300 % of control), with cerebral energy state upheld, even at later stages of SE. Oxidative damage is known to occur through glutamate excitotoxicity later in SE. Interestingly, in the Swiss albino mice, we detected the activation of PEK/PERK and the unfolded protein response in the hippocampus and cortex at 8 h following SE onset (results not shown), which may be due to oxidative stress. Thus metabolic differences between SE and ischaemia-reperfusion may account for the different kinases activated in the same brain areas.
Our findings that, in the absence of PKR, PEK/PERK was activated in SE support the model of compensatory regulatory mechanisms involving eIF2α kinases. In response to SE, PEK/PERK may be activated at low, undetectable levels in the hippocampus and cortex, or in a small subpopulation of neurons in these regions. In the absence of PKR, this response may be exacerbated. In view of our results, it will certainly be important to study the consequences of SE induction in PKR −/− animals, regarding both the extent of neuronal degeneration and their susceptibility to recurrent epileptic seizures. Furthermore, we found that SE stress can induce GCN2 in other portions of the brain not directly linked with TLE (results not shown). Thus there are clear tissue variations in which a given environmental stress can activate each member of the eIF2α kinase family. These variations may reflect the degree to which cell types in organisms are exposed to an environmental stress and the differences among tissues in their susceptibility to these stresses. Furthermore, there appear to be variations in the expression of each eIF2α kinase among cell types, as exemplified by the preferential expression of HRI in erythroid cells and the high levels of PEK/PERK in secretory tissues, such as the pancreas. Differences in eIF2α kinase levels could alter the basal levels of eIF2α phosphorylation, as well as the degree to which eIF2α is phosphorylated in response to a given stress condition.
In the hippocampus, the most vulnerable area in this model of epilepsy, we demonstrated sustained high eIF2α(P) levels during SE. In areas not directly affected by SE, such as the brain stem, eIF2α(P) levels were lower and returned rapidly to basal levels. The immunohistochemistry data shown in our previous report [11] appear to reveal only the population of neurons with highest eIF2α(P) in the most affected areas; it is likely that this technique is unable to resolve the lower rates of phosphorylation observed in other brain areas, which were detected in the present study by Western blots, a much more sensitive and quantitative approach.
The pattern of eIF2α(P) and GADD34 levels in the brain parts suggests a dynamic stress response that may involve both regulation of eIF2α kinases and phosphatases. In response to stress, eIF2α(P) enhances ATF4 expression, leading to downstream expression of CHOP [C/EBP (CCAAT/enhancer-binding protein) homologous protein]/GADD153 and ATF3, bZIP (basic leucine zipper protein) transcription activators that trigger elevated expression of GADD34 and subsequent eIF2α(P) dephosphorylation in a negative feedback loop [33] . It is interesting to note that the increase in GADD34 observed at 30 min of SE in the hippocampus and cortex occurs at a time point when protein synthesis is severely inhibited as judged from polysome profiles and eIF2α(P) levels. The GADD34 mRNA has two upstream open reading frames and phosphorylation of eIF2α early during SE may result in a transient translational induction of a pre-existing small pool of this message. The reduction of GADD34 observed at 2 h of SE suggests that this protein may be labile in the brain subjected to SE, while the increase at 4 h could be accounted for by the transcriptional downstream response mediated through ATF4.
The phosphorylation state of eIF2α correlates well with the inhibition of protein synthesis as revealed by the polysome profiles, both in extent and in the recovery kinetics, strongly suggesting that impairment in ternary complex formation is the main cause of the translational shut off observed in SE. Also, our results with the C57BL/6 mice strain further corroborate the idea that eIF2α(P) is a major contributor to translation inhibition during SE.
The implication that high levels of eIF2α(P) lead to protein synthesis shut off in hippocampal neurons is apparently at odds with data on the expression of IEG (immediate early gene) proteins in the hippocampus in experimental models of epilepsy, such as c-Jun and c-Fos [45, 46] . The expression of these proteins at early SE (30 min), however, has been observed in the hippocampal granule cells where little eIF2α(P) was detected by immunohistochemistry [11] . The increase in the synthesis of these proteins observed in the CA1 and CA3 regions of the hippocampus seems to follow the rates of general eIF2α(P) dephosphorylation that we have described here. It is also possible that these mRNAs can be translated under conditions of moderate eIF2α(P) levels, mediated either by a re-initiation mechanism similar to ATF4 or by IRESs (internal ribosomal entry sites) activated by low levels of ternary complex [47] . Interestingly, the chicken c-Jun mRNA has been shown to contain an IRES that mediates cap-independent translation initiation [48] , and the 5 -UTR (5 -untranslated region) of mouse c-Jun mRNA contains features that are similar to the chicken c-Jun mRNA.
The work described here provides a biochemical basis for the inhibition of protein synthesis observed during SE. The activation of PKR adds to the biochemical events that have been described to occur during SE. Importantly, the extent and duration of eIF2α phosphorylation as determined here for the different brain regions as an early response elicited in SE have relevant implications regarding the activation of ISR downstream targets that may ultimately determine cell fate, as shown for a variety of other stress conditions. In the case of SE, they may relate directly to the ensuing neuronal degeneration and the development of recurrent epileptic seizures.
